N-acetyltransferase 1 (NAT1) catalyzes N-acetylation of arylamines as well as the O-acetylation of N-hydroxylated arylamines. O-acetylation leads to the formation of electrophilic intermediates that result in DNA adducts and mutations. NAT1
N-acetyltransferase 1 (NAT1) catalyzes N-acetylation of arylamines as well as the O-acetylation of N-hydroxylated arylamines. O-acetylation leads to the formation of electrophilic intermediates that result in DNA adducts and mutations. NAT1 Ã 10 is the most common variant haplotype and is associated with increased risk for numerous cancers. NAT1 is transcribed from a major promoter, NATb, and an alternative promoter, NATa, resulting in messenger RNAs (mRNAs) with distinct 5#-untranslated regions (UTRs). To best mimic in vivo metabolism and the effect of NAT1 Ã 10 polymorphisms on polyadenylation usage, pcDNA5/ Flp recombination target plasmid constructs were prepared for transfection of full-length human mRNAs including the 5#-UTR derived from NATb, the open reading frame and 888 nucleotides of the 3#-UTR. Following stable transfection of NAT1 Ã 4, NAT1 Ã 10 and an additional NAT1 Ã 10 variant (termed NAT1 Ã 10B) into nucleotide excision repair-deficient Chinese hamster ovary cells, N-and O-acetyltransferase activity (in vitro and in situ), mRNA and protein expression were higher in cells transfected with NAT1 Ã 10 and NAT1 Ã 10B than in cells transfected with NAT1 Ã 4 (P < 0.05). Consistent with NAT1 expression and activity, cytotoxicity and hypoxanthine phosphoribosyl transferase mutants following 4-aminobiphenyl exposures were higher in NAT1 Ã 10 than in NAT1 Ã 4 transfected cells. Ribonuclease protection assays showed no difference between NAT1 Ã 4 and NAT1 Ã 10. However, protection of one probe by NAT1 Ã 10B was not observed with NAT1
Introduction
Human arylamine N-acetyltransferase 1 (NAT1) is a phase II cytosolic isozyme responsible for the biotransformation of many arylamine compounds, including environmental and occupational carcinogens such as 4-aminobiphenyl (ABP) (1) . NAT1 has been implicated in several types of cancer due to its role in metabolic activation of arylamine carcinogens, and recent findings report that NAT1 may be important for cell growth and survival of cancer cells (2) . NAT1 has been found in nearly all tissues studied (3, 4) . NAT1 is capable of both N-acetylation and O-acetylation. N-acetylation often results in inactivation followed by urinary excretion. However, following N-hydroxylation, O-acetylation catalyzed by NAT1 generates an unstable N-acetoxyarylamine, which undergoes heterolytic cleavage to yield a highly reactive nitrenium ion. These nitrenium ions are highly electrophilic and can react with DNA that if unrepaired leads to mutations. Therefore, following exposure to arylamine carcinogens, the acetylator phenotype may modulate individual susceptibility to cancer and other diseases. NAT1 Ã 10 is the most common NAT1 variant haplotype and is presently defined (http://n-acetyltransferasenomenclature.louisville.edu) by two single-nucleotide polymorphisms (SNPs) in the 3#-untranslated region (UTR), 1088T . A (rs1057126) and 1095C . A (rs15561).
NAT1
Ã 10 was associated with elevated NAT1 activity levels in human bladder (5) , colon (6), liver (7, 8) , leukocytes (9) and b-lymphocytes (8) as well as increased N-acetylation capacity in vivo (10) . However, other studies did not replicate the increased catalytic activity associated with NAT1 Ã 10 (11-13) resulting in a complete lack of consensus regarding NAT1 Ã 10 phenotype (14) . Further research on SNPs in the 3#-UTR is needed to better understand their functional effects, which may be tissue-specific. There are no amino acid changes due to 3#-UTR polymorphisms, but the 1088T . A causes a change in the second consensus polyadenylation signal (AATAAA-AAAAAA). It has been speculated that this change in polyadenylation signal may give rise to higher acetylation activity (6) . The 3#-UTR of a gene contains binding sites for important translational regulatory elements that include microRNAs, proteins or protein complexes, cytoplasmic polyadenylation elements and polyadenylation signals (AAUAAA) (15) . It has been shown that SNPs in 3#-UTRs of dihydrofolate reductase, thrombin and resistin genes cause functional effects and alter disease risk (15) (16) (17) .
In addition to the high allelic frequency, NAT1 Ã 10 has been associated with increased risk for many different forms of cancer. NAT1 Ã 10 allele or haplotype has been associated with increased risk for nonHodgkin lymphoma (18, 19) as well as for cancers of the urinary bladder (20) , lung (21) (22) (23) , colon/rectum (6, (24) (25) (26) , breast (27) (28) (29) , prostate (30, 31) , stomach (32) and pancreas (33) . However, other studies have reported no association between NAT1 Ã 10 and cancer risk (34) (35) (36) (37) . Thus, the contribution of NAT1 Ã 10 to increased cancer risk is not well understood. It is imperative that the phenotype of NAT1 Ã 10 be clearly defined in order to resolve the association of NAT1 Ã 10 genotype with increased cancer risk.
The NAT1 gene is located on the small arm of chromosome 8 (38) and spans 53 kb. NAT1 is encoded by a single intronless coding exon containing an open reading frame (ORF) of 870 bp. Several NAT1 transcripts have been identified containing various combinations of the nine non-coding 5#-UTR exons and are known to originate from a major promoter NATb, and an alternative promoter, NATa. NATa originates 51.5 kb upstream of the single NAT1 ORF, whereas NATb originates 11.8 kb upstream of the NAT1 ORF (4, 39, 40) . NATb transcripts are expressed in all tissues studied, whereas NATa transcripts have been identified in kidney, liver, lung and trachea. In addition to polymorphic variation, it may be necessary to consider transcriptional and translational regulation to further understand the variation associated with NAT1 10 acetylation activity and effect on cancer risk. In contrast to previous studies, which included only the NAT1 ORF, the current study employs constructs that mimic the most common transcript originating from the NATb promoter. The constructs contain the ORF, the 3#-UTR and all 5#-non-coding exons found in the most common NAT1 transcript originating at the NATb promoter (39) (40) (41) . The NATb construct contains exons 4 and 8 (5#-NCEs) and exon 9 (ORF). In addition to the 5#-UTR and the ORF, the NATb constructs also contain 888 nucleotides of the 3#-UTR. The NATb constructs were employed to provide a more comprehensive model of in vivo metabolism and to study any haplotype-specific interactions between the 5#-UTR and NAT1 Ã 10 polymorphisms. These constructs were utilized to compare N-and O-acetylation, messenger RNA (mRNA) levels, protein levels, polyadenylation patterns and ABP-induced mutagenesis between cells transfected with NAT1 Ã 4 and with variants of NAT1 Ã 10.
Materials and methods

Polyadenylation site removal
The bovine growth hormone polyadenylation site from the pcDNA5/Flp recombination target (FRT) (Invitrogen, Carlsbad, CA) vector was removed to allow the endogenous NAT1 polyadenylation sites to be active. This was accomplished by digestion of pcDNA5/FRT at 37°C with restriction endonucleases, ApaI and SphI (New England Biolabs, Ipswich, MA), followed by overhang digestion with T4 DNA polymerase (New England Biolabs) and ligation with T4 Ligase (New England Biolabs).
The constructs were created utilizing gene splicing via overlap extension (42) by amplifying the 5#-UTR and the coding region/3#-UTR separately and then fusing the two regions together. Beginning with frequently used transcription start sites (39, 40) , the 5#-UTRs were amplified from complementary DNA (cDNA) prepared from RNA isolated from homozygous NAT1 Ã 4 HepG2 cells. All primer sequences used are shown in Table I . The primers used to amplify the NATb 5#-UTR region were Lkm40P1 and NAT1 (3#) ORF Rev. The coding region and 3#-UTR were amplified as one piece from homozygous NAT1 Ã 4 or homozygous NAT1
Ã 10 human genomic DNA. The forward primer used to amplify the coding region/3#-UTR was NAT1 (3#) ORF Forward, whereas the reverse primer was pcDNA5distal Reverse. The two sections, the 5#-UTR and the coding region/3#-UTR, were fused together via overlap and amplification of the entire product using nested primers. The forward nested primer for NATb was P1 Fwd Inr NheI. The reverse nested primer was NAT1 Kpn Rev (NAT1 Ã 4 and NAT1 Ã 10) or NAT1 Kpn Rev 10B (NAT1 Ã 10B). Both forward nested primers included the Nhe1 endonuclease restriction site and both reverse nested primers contained the Kpn1 endonuclease restriction site to facilitate cloning. The pcDNA5/FRT vector and NATb/NAT1 Ã 4 allelic segments were digested at 37°C with restriction endonucleases KpnI and NheI (New England Biolabs). The NAT1 constructs were then ligated into pcDNA5/FRT using T4 ligase (Invitrogen). All constructs were sequenced to ensure integrity of allelic segments and junction sites.
NATb/NAT1
Ã 10 construction NATb/NAT1 Ã 10 constructs were created using the same NATb 5#-UTRs amplified from cDNA prepared from NAT1 Ã 4 homozygous RNA isolated from HepG2 cells, whereas the ORF and region 3# to the ORF were amplified as one piece from NAT1 Ã 10/NAT1 Ã 10 homozygous human genomic DNA. These two sections, the 5# UTR and the ORF/region 3# to the ORF, were fused together using nested primers. Upon sequencing to ensure allelic and junction site integrity, it was discovered that one of the NAT1 Ã 10 sources had four additional polymorphisms located in the region 3# to the ORF including 1571T . C, 1642A . C, 1647 DCT and 1716C . T. These NAT1 polymorphisms were verified against NCBI databases and are in linkage disequilibrium (http:// egp.gs.washington.edu/). This haplotype is referred to as NAT1 Ã 10B and was used to compare N-acetylation activity with that of NAT1 Ã 10 and NAT1 Ã 4.
Cell culture UV5-Chinese hamster ovary (CHO) cells, a nuclease excision repair-deficient derivative of AA8 that are hypersensitive to bulky DNA lesions, were obtained from the ATCC (catalog number: CRL-1865). Unless otherwise noted, cells were incubated at 37°C in 5% CO 2 in complete alpha-modified minimal essential medium (Lonza, Walkersville, MD) without L-glutamine, ribosides and deoxyribosides supplemented with 10% fetal bovine serum (Hyclone, Logan, UT), 100 U/ml penicillin (Lonza), 100 lg/ml streptomycin (Lonza) and 2 mM L-glutamine (Lonza). The UV5-CHO cells used in this study were previously stably transfected with a single FRT integration site (43) . The FRT site allowed stable transfections to utilize the Flp-In System (Invitrogen). When co-transfected with pOG44 (Invitrogen), a Flp recombinase expression plasmid, a site-specific conserved recombination event of pcDNA5/FRT (containing either NATa/NAT1 Ã 4 or NATb/NAT1 Ã 4) occurs at the FRT site. The FRT site allows recombination to occur immediately downstream of the hygromycin resistance gene, allowing for hygromycin selectivity only after Flp recombinase-mediated integration. The UV5/FRT cells were further modified by stable integration of human CYP1A1 and NADPH-cytochrome P450 reductase gene (43) . They are referred to in this manuscript as UV5/1A1 cells.
Removal of the SV40 polyadenylation signal from NATb/NAT1
Ã 10B constructs
The SV40 polyadenylation signal was removed from the NAT1 Ã 10B pcDNA5/ FRT constructs by incubation at 37°C with restriction enzymes, SacII and SapI. The overhangs were filled in or removed using T4 DNA polymerase (New England Biolabs) and then ligated back together using T4 DNA ligase (New England Biolabs).
Transient transfections UV5/1A1 cells were transiently transfected with pcDNA5/FRT (Invitrogen) or pEF1/V5-His (Invitrogen) containing NAT1 Ã 4, NAT1 Ã 10 and NAT1 Ã 10B constructs using Lipofectamine reagent (Invitrogen) following the manufacturer's recommendations. The UV5/1A1 cells were co-transfected with pCMV-SPORT-bgal (b-galactosidase transfection control plasmid; Invitrogen). The cells were harvested the next day. Lysate was prepared by centrifuging the cells and resuspending pellet in lysis buffer (0.2% Triton-X-100, 20 mM NaPO 4 , pH 7.4, 1 mM ethylenediaminetetraacetic acid, 1 mM dithiothreitol, 0.1 mM phenylmethylsulfonyl fluoride, 2 lg/ml aprotinin and 2 lM pepstatin A). The resuspended cell pellet was centrifuged at 13 000g for 10 min. The supernatant was used to measure NAT1 and b-galactosidase activities.
Stable transfections
Stable transfections were carried out using the Flp-In System (Invitrogen) into UV5/1A1 cells that were previously stably transfected with an FRT site (as noted above). The pcDNA5/FRT plasmids containing human NAT1 Ã 4, NAT1 Ã 10 or NAT1 Ã 10B were co-transfected with pOG44 (Invitrogen), a Flp recombinase expression plasmid. The UV5/1A1 cells were stably transfected with pcDNA5/ FRT containing NATb/NAT1 Ã 4, NATb/NAT1 Ã 10 and NATb/NAT1 Ã 10B constructs using Effectene transfection reagent (Qiagen, Valencia, CA) following the manufacturer's recommendations. Since the pcDNA5/FRT vector contains a hygromycin resistance cassette, cells were passaged in complete alpha-modified essential medium containing 600 lg/ml hygromycin (Invitrogen) to select for cells containing the pcDNA5/FRT plasmid. Hygromycin-resistant colonies were selected approximately 10 days after transfection and isolated with cloning cylinders.
Determination of in vitro N-acetylation for NAT1 4, NAT1 10 and NAT1 10B Lysate was prepared as described above. In vitro assays using the NAT1-specific substrate para-aminobenzoic acid (PABA, 300 lM) or ABP (100 lM) were conducted and acetylated products were separated utilizing high-performance liquid chromatography (HPLC) as described previously. N-acetylation activity was determined at a fixed concentration of 1 mM acetyl coenzyme A. Reactions containing substrate, acetyl coenzyme A and enzyme were incubated at 37°C for 10 min. Reactions were terminated by the addition of 1/10 volume of 1 M acetic acid and centrifuged at 15 000g for 10 min. Measurements were adjusted according to baseline measurements using lysates of the UV5/CYP1A1 cell line and normalized by the amount of total protein. Protein concentrations were measured using the method of Bradford (Bio-Rad, Hercules, CA). In situ N-acetylation by NAT1 4, NAT1 10 and NAT1 10B In situ N-acetylation activities were determined by a whole cell assay using media spiked with varying concentrations of PABA or ABP between 10 and 300 lM. An initial time course was performed to determine the optimal incubation times for each compound. The cells were incubated at 37°C and media was collected after 1 h (PABA) or 22 min (ABP), 1/10 volume of 1 M acetic acid was added and the mixture was centrifuged at 13 000g for 10 min. The supernatant was injected into the reverse phase HPLC column and N-acetyl-PABA or N-acetyl-ABP was separated and quantitated as described previously (44) . Values were normalized to the amount of cells present at time of media removal.
Determination of in vitro O-acetylation for NAT1 4 and NAT1 10 and NAT1 10B N-hydroxy-4-aminobiphenyl (N-OH-ABP) O-acetyltransferase assays were conducted and product was separated and quantified by HPLC as described previously (45) . Assays (100 ll) containing 50 lg total protein, N-OH-ABP (100 lM), acetyl coenzyme A (1 mM) and 1 mg/ml deoxyguanosine were incubated at 37°C for 10 min. Reactions were stopped with the addition of 100 ll of water saturated ethyl acetate and centrifuged at 13 000g for 10 min. The organic phase was removed and evaporated to dryness, and the residual was redissolved in 100 ll of 10% acetonitrile and injected onto the HPLC for separation and quantitation of deoxyguanosine-C8-ABP adducts.
Measurement of NAT1 protein
The amount of NAT1 produced in UV5/1A1 cells stably transfected with NATb/ NAT1 Ã X was determined by western blot as described previously (45) . Cell lysates were isolated as described above. Varying amounts of lysate were mixed 1:1 with 5% b-mercaptoethanol in Laemmli buffer (Bio-Rad), boiled for 5 min and proteins were resolved by 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The proteins were then transferred by semi-dry electroblotting to polyvinylidene fluoride membranes. The membranes were probed with G5, a monoclonal mouse anti-NAT1(1:200) Santa Cruz Biotechnology, Santa Cruz, CA) and with horseradish peroxidase-conjugated secondary donkey anti-mouse IgG antibody (1:2000) (Santa Cruz). Supersignal West Pico Chemiluminescent Substrate was used for detection (Pierce). Densitometric analysis was performed using Quantity One Software (Bio-Rad).
Measurement of NAT1 mRNA
Total RNA was isolated from cells using the RNeasy kit (Qiagen) followed by removal of contaminating DNA by treatment with TurboDNase Free (Ambion, Austin, TX). Synthesis of cDNA was performed using qScript cDNA Synthesis Kit (Quanta Biosciences, Gaithersburg, MD) using 1 lg of total RNA in a 20 ll reaction per the manufacturer's protocol. Quantitative reverse transcriptionpolymerase chain reaction (qRT-PCR) assays were used to assess the relative amount of NAT1 mRNA in stably transfected cells. The Step One Plus (Applied Biosystems, Foster City, CA) was used to perform qRT-PCR in reactions containing 1Â final concentration of qScript One-Step Fast mix (Quanta Biosciences), 300 nm of each primer and 100 nm of probe in a total volume of 20 ll. For qRT-PCR of NAT1 mRNA, a TaqMan probe was used with NAT1 Total Splice Forward and NAT1 Total Splice Reverse primers (Table I) designed using Primer Express 1.5 software (Applied Biosystems). An initial incubation at 50°C was carried out for 2 min and at 94°C for 10 min followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. TaqManÒ Ribosomal RNA Control Reagents for quantitation of the endogenous control, 18S rRNA (Applied Biosystems), were used to determine DCt (NAT1 Ct-18S rRNA Ct). DDCt was determined by subtraction of the smallest DCt and relative amounts of NAT1 mRNA were calculated using 2
ÀDDCt as described previously (40) .
Measurement of cytotoxicity and mutagenesis
Assays for cell cytotoxicity and mutagenesis were carried as described previously (45) . Cells were grown in HAT media (30 lM hypoxanthine, 0.1 lM aminopterin and 30 lM thymidine) for 12 doublings. Cells (1 Â 10 6 ) were plated, allowed to grow for 24 h and were then treated with 1.56, 3.13, 6.25 or 12.5 lM ABP (Sigma) or vehicle alone (0.5% dimethyl sulfoxide) in media. After 48 h, cells were plated to determine survival and mutagenic response to ABP. To determine cloning efficiency following each dose of ABP, 100 cells were plated in triplicate in six-well plates and allowed to grow for 7 days in non-selective media. Colonies were counted and expressed as percent of vehicle control. To determine mutagenic response following ABP exposure, 5 Â 10 5 cells were plated and subcultured for 7 days and then seeded with 1 Â 10 5 cells/100 mm dish (10 replicates) in complete Dulbecco's modified Eagle's medium (Lonza) containing 40 lM 6-thioguanine (Sigma). Mutant hypoxanthine phosphoribosyl transferase (hprt) cells were allowed to grow for 7 days and colonies were counted to determine ABP-induced mutants and corrected by cloning efficiency.
NAT1 mRNA stability assays
Six-well plates containing 1 Â 10 6 stably transfected NAT1 Ã 4, NAT1 Ã 10 and NAT1 Ã 10B cells were treated with complete alpha-modified essential medium media spiked with 5 lg/ml of the transcription inhibitor, Actinomycin D (Sigma, St. Louis, MO). Cells were collected at 0, 1, 2, 4 and 6 h time points and total RNA was isolated as described above. Relative NAT1 mRNA levels were determined from cells transfected with NAT1 Ã 4, NAT1 Ã 10 and NAT1 Ã 10B utilizing qRT-PCR assays as described above. The first-order rate decay constant (slope) of NAT1 mRNA was determined by linear regression.
Ribonuclease protection assay
Biotinylated RNA probes that span the region 3# to the NAT1 ORF were prepared using the MAXIscript In Vitro Transcription kit (Applied Biosystems/Ambion, Austin, TX). Ribonuclease protection assays (RNAPs) were carried out using RPAIII Kits (Applied Biosystems/Ambion) according to the manufacturer's protocols. Briefly, total RNA was collected from transiently transfected CHO cells and treated with Turbo DNase Free kit (Applied Biosystems/Ambion). Five lg of total RNA was allowed to hybridize overnight in molar excess of biotinylated RNA probes. The resulting RNA-probe mixture was treated with RNase A/T1 (kit) to degrade any non-hybridized RNA and any remaining probe. The ribonuclease-digested hybridized mixture was then separated on a 12% polyacrylamide gel and transferred to a nitrocellulose membrane. The membrane was probed with Chemiluminescent Nucleic Acid Detection Module (ThermoScientific) and exposed to x-ray film to visualize protected probe fragments.
Statistical analysis
Statistical differences were determined using either an unpaired Student's t-test or one-way analysis of variance followed by a Bonferroni post-test using Prism Software by Graphpad (La Jolla, CA).
Results
Upon sequencing two human sources of NAT1
Ã 10 genomic DNA used to create the NAT1 Ã 10 constructs, one source was found to contain four additional polymorphisms in the 3#-UTR. In addition to 1088T . A (rs1057126), 1095C . A (rs15561) and 1191G . T (rs4986993), the second source also possessed 1641A . C (rs8190865), a deletion DCT1647 (rs8190866), 1716C . T (rs8190870) and 1735A . T (rs8190871).
NAT1 activity was examined using PABA, ABP or N-OH-ABP as substrates. Significantly more N-acetylation of PABA ( Figure 1 ) and ABP ( Figure 2 ) was detected in NATb/NAT1 Ã 10 and NATb/NAT1 Ã 10B than in NATb/NAT1 Ã 4 (P , 0.05) in both transiently and stably transfected UV5/1A1 cells. Significantly more O-acetylation of N-OH-ABP was also detected in NAT1 Ã 10 and NAT1 Ã 10B than in NAT1 Ã 4 (P,0.05) in stably transfected UV5/1A1 cells (Figure 2) .
Western blots were performed to examine NAT1 expression in stably transfected UV5/1A1 cells (Figure 3) . Significantly more NAT1 (P , 0.05) was detected in NATb/NAT1 Ã 10 and NAT1 Ã 10B than in NAT1 Ã 4 transfected cells (Figure 3b ). Significantly (P , 0.001) more NAT1 mRNA was also observed in NAT1 Ã 10 and NAT1 Ã 10B than NAT1 Ã 4 transfected cells (Figure 3c ). However, no differences were observed in stability between NAT1 Ã 4, NAT1 Ã 10 and NAT1 Ã 10B mRNA (Figure 3d (163 nucleotides) and polyadenylation signal 5 located at position 1613 (252 nucleotides) were observed for all constructs. Full-length probe 1 (371 nucleotides) and full-length probe 2 (388 nucleotides) were observed for NAT1 Ã 4, NAT1 Ã 10 and NAT1 Ã 10B (Figure 5b and c) . Full-length protection of probe 3 was observed only in NAT1 Ã 10B transfected cells (369 nucleotides) (Figure 5d ). No band was observed in the lane with yeast RNA (negative control) for any probe.
The pcDNA5/FRT expression vector utilized in these experiments contained an SV40 polyadenylation signal for the hygromycin cassette. It was removed to ensure that the presence of NAT1 Ã 10B transcripts beyond the third probe were not vector-induced. Following removal of the SV40 polyadenylation signal from the pcDNA5/FRT, no significant (P . 0.05) difference was observed in PABA N-acetylation in UV5/ 1A1 cells transiently transfected with NAT1 Ã 10 or NAT1 Ã 10B.
Discussion
NAT1
Ã 10 has been associated with higher risk for many different forms of cancer, including breast, colorectal, lung, pancreatic, prostate and urinary bladder cancers, gastric adenocarcinoma and non-Hodgkin's lymphoma. Several studies suggest that NAT1 Ã 10 has higher acetylation capacity than the referent haplotype, NAT1 Ã 4, whereas others have reported no difference. Because the allelic frequency of NAT1 Ã 10 is high in many diverse populations (46) (47) (48) , particularly among those of African descent (49, 50) , it is important to identify mechanisms responsible for the increased cancer risk associated with NAT1 Ã 10. To better understand the association of NAT1 Ã 10 and cancer, NAT1 10 acetylation activity was studied (in vitro and in situ) using complete NATb mRNA constructs to better mimic in vivo gene expression.
Differences in expression and activity of the referent protein, NAT1 4, and the variants, NAT1 10 and NAT1 10B, were studied in UV5/1A1 CHO cells transiently and stably transfected with NATb-type mRNA. Increased N-and O-acetylation as well as increased mRNA and protein expression were observed in cells transfected with NAT1 Ã 10 and NAT1 Ã 10B when compared with cells transfected with NAT1 Ã 4. This difference was observed in both transiently and stably transfected cells. In addition to 1088T . A (rs1057126), 1095C . A (rs15561) and 1191G . T (rs4986993), we identified a NAT1 Ã 10 variant haplotype (termed NAT1 Ã 10B) that also has 1641A . C (rs8190865), a deletion DCT1647 (rs8190866), 1716C . T (rs8190870) and 1735A . T (rs8190871). The dbSNP Genotype and Allele Frequency Report (http://www.ncbi.nlm.nih.gov/projects/SNP/snp_gf.cgi) database reports an allele frequency of 0.106 for 1641A . C, 1735A . T and DCT1647 and an allelic frequency of 0.156 for 1716C . T. Cells transfected with NAT1 Ã 10B resulted in higher N-and O-acetylation activity and protein expression compared with NAT1 Ã 10. Since these additional polymorphisms found in NAT1 Ã 10B are not assessed in association studies and they are present with high allelic frequency, it is possible that some of the discrepancies concerning NAT1 Ã 10 phenotype could be attributed to misclassification of NAT1 Ã 10B as NAT1 Ã 10. Alternative polyadenylation plays a role in regulation of gene expression, and it is known that !50% of human genes encode multiple transcripts derived from alternative polyadenylation sites (51) . Differential processing at multiple polyadenylation sites can be influenced by physiological conditions such as cell growth, differentiation and development or by pathological events such as cancer; however, these mechanisms are largely unknown (52) . There are six potential polyadenylation signals located in the region 3# to the NAT1 ORF. Previous studies have described the use of two consensus polyadenylation signals located at positions 1088 and 1209 in the NAT1 3#-UTR (4) or most recently, the use of 3 NAT1 polyadenylation signals including the use of an additional polyadenylation signal at position 1613 (8) . Our study included a survey of NCBI databases, which identified NAT1 transcripts that utilize four of the six potential polyadenylation signals located at positions 1088, 1209, 1248 and 1613. The 1088T . A SNP present in NAT1 Ã 10 alters the second polyadenylation signal (AA-TAAA-AAAAAA). It has been suggested that this change in polyadenylation signal may increase the stability of the NAT1 Ã 10 mRNA which could then result in differences between NAT1 Ã 10 and NAT1 Ã 4 in acetylation capacity (6) . However, we did not observe differences in NAT1 mRNA stability between NAT1 Ã 4, NAT1 Ã 10 or NAT1 Ã 10B haplotypes. RNAPs were performed to map the polyadenylation pattern cells transfected with NAT1 Ã 4, NAT1 Ã 10 and NAT1 Ã 10B. Bands were observed corresponding to the first five potential polyadenylation signals and no qualitative differences were observed between NAT1 Ã 4 and NAT1 Ã 10. However, full-length protection of probe 3 was observed for NAT1 Ã 10B but not for NAT1 Ã 10 or NAT1 Ã 4, suggesting the presence of NAT1 Ã 10B transcripts that extend beyond probe 3. Other bands present may be due to either RNA cruciform structures or probe-probe interactions. Because NAT1 transcripts have been identified which utilize multiple polyadenylation signals both in this study and in NCBI databases, alternative polyadenylation usage may be important in NAT1 regulation. NAT1 Ã 10 has been associated with increased risk for many cancers. A recent study reported an association between higher NAT1 10 activity and increased translation efficiency in HepG2 cells (8) . However, our study demonstrated higher NAT1 10 and NAT1 10B acetylation associated with higher mRNA expression. The higher acetylation activity observed in NAT1 10 compared with NAT1 4 in this study could be partly responsible for the increased risk associated with individuals possessing NAT1 allow increased mRNA stability in some cell types. Previously published studies have reported allele-specific effects of RNA-binding proteins associated with increased cancer risk. For example, SF2 has been identified as a critical, allele-selective RNA binding protein that contributes to prostate tumor growth (54) . Additionally, RNA-binding proteins such as ESRP-1 and ESRP-2 have been reported to be cell type specific (55) . Therefore, it is possible that an allele-specific RNA-binding protein could bind to NAT1 Ã 4, NAT1 Ã 10 and NAT1 Ã 10B mRNA differently in certain cell types and therefore modify NAT1 differently in those cell-types. NAT1
Ã 10 expression appears to be under the control of multiple types of regulation which could be cell type dependent.
Because the allelic frequency of NAT1 Ã 10 haplotype is high, clearly defining the NAT1 Ã 10 phenotype would allow cancer risk and other toxicities related to environmental arylamine exposure to be better understood. This study has shown that cells transfected with NAT1 Ã 10 and NAT1 Ã 10B have higher N-and O-acetylation activity, NAT1 mRNA and protein expression compared with cells transfected with NAT1 Ã 4. Additionally, higher ABP-induced DNA adducts and mutants were observed in cells transfected with NAT1
Ã 10 compared with NAT1 Ã 4. However, no differences between NAT1 Ã 4 and NAT1 Ã 10 polyadenylation pattern were observed. Additionally, no differences in mRNA stability were observed between NAT1 Ã 4, NAT1 Ã 10 and NAT1 Ã 10B in stably transfected UV5/1A1 cells (Figure 3d ) or in NAT1 endogenously expressed in HepG2 cells (Zhang,X., Doll,M.A. and Hein,D.W, unpublished data). Other mechanisms such as RNAbinding proteins may be responsible for the higher amount of NAT1 Ã 10 mRNA, protein, acetylation activity, ABP-induced DNA adducts and mutants compared with NAT1 Ã 4. A difference was observed in the NAT1 Ã 10B polyadenylation pattern compared with NAT1 Ã 10 and NAT1 Ã 4, suggesting that additional mechanisms are involved in regulation of NAT1 Ã 10B compared with NAT1 Ã 10. Because the NAT1 Ã 10B polymorphisms are associated with a high allele frequency (.0.106) and current genotyping methods do not differentiate between NAT1 Ã 10 and NAT1 Ã 10B, misclassification of NAT1 Ã 10B could contribute to divergent findings regarding the role of NAT1 Ã 10 in cancer risk. Further studies should be conducted to determine the responsible mechanisms for regulation of NAT1 Ã 10 and NAT1 Ã 10B. The higher acetylation and ABP-induced mutants observed in NAT1 10 compared with NAT1 4 is consistent with increased risk for cancers associated with arylamine exposure in individuals possessing NAT1 Ã 10 haplotypes.
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